The purpose of this study was to improve the Ensemble Streamflow Prediction (ESP) probabilistic forecasts by combining them with streamflow persistence information. ESP was applied to one-month ahead inflow forecasting for the Chungju multipurpose dam in Korea. This ESP system ran a rainfall-runoff model called TANK in the beginning of a forecast month on a daily basis. The historical rainfall data for the 36-year period from 1966 to 2001 were employed as the meteorological input in order to generate the corresponding 36 inflow scenarios each month. To issue probabilistic forecasts, the range of the generated inflow scenarios was divided into three flow categories and a probability was assigned to each flow category from the fitted probability density function. Using the optimal linear combination (OLC) approach, the ESP forecast was then combined with the persistence and naive forecasts. The persistence forecast represents a conditional probability of a flow category, provided that the inflow category of the previous month is given. The naive forecast assigns a 33.3% probability to each flow category. Split sampling simulation proved that OLC improves the accuracy of ESP forecasting for the non-flood season.
Introduction
Ensemble Streamflow Prediction (ESP) is a well-known probabilistic forecasting technique of the National Weather Service, USA. ESP has been introduced to Korea by the Hydrology Research Group at Seoul National University, Korea. Proposing ESP as a new probabilistic approach, their first application (Kim et al., 2001 ) was on improving the 'Water Supply Outlook' issued by the Ministry of Construction and Transportation. Jeong and Kim (2002) also applied ESP to probabilistic forecasting of the monthly inflow to the Chungju multipurpose dam in Korea. They performed an error analysis on their resulting probabilistic forecasts and found that the modeling error is dominant in winter and early spring (i.e., the dry season) while the meteorological error is dominant in summer (i.e., the flood season). Their conclusion suggested that the rainfall-runoff model should be improved for the low flow period while the reliable meteorological forecast should be utilized for the flood season. This study investigated the first issue while Stedinger and Kim (2002) addressed the second issue.
Instead of improving the rainfall-runoff model itself, this study attempted to improve the model outcome. Consider the ESP probabilistic forecast made from the existing rainfall-runoff model as a model outcome and assume the existence of other probabilistic forecasts. When the multiple forecasts are available, one can combine the model outcomes to obtain a single optimal forecast. Such combined forecasting is popular in economics, but few examples have been made in the hydrologic forecasting (e.g. McLeod et al., 1987) . Recently, Piechota et al. (1998) used the optimal linear combination (OLC) approach, proposed by Casey (1995) , to combine their multiple forecasts which included the SST (Sea Surface Temperature) -and SOI (Southern Oscillation Index) -based forecasts. The format of their forecast is a probabilistic, seasonal streamflow forecast. This study followed the OLC procedure, but our purpose was to improve the ESP probabilistic forecasts using the naive and persistence-based forecasts.
Probabilistic Forecasting Techniques

ESP Forecast
The ESP procedure runs a rainfall-runoff model with meteorological inputs to generate an ensemble of possible streamflow hydrographs. The generated streamflow ensemble is a function of the initial hydrological states at the forecast time in the rainfall-runoff model, and thus the technique is sometimes called a conditional Monte Carlo simulation approach (Day, 1985) .
A best probability density function (called ESP pdf hereafter) can then be fitted to the generated streamflow ensemble to describe the likelihood of an event occurring during a time period being forecasted. In this study, the whole range of streamflow (Q t ) is divided into three categories: low, medium, and high flow categories. A probability is then assigned to each category from the ESP pdf. 
where q L and q U are the lower and upper limits of the medium flow category, respectively. In this study, the lower and upper limits are defined as the 33.3% and 66.7% cumulative quantiles, respectively, of a pdf fitted to the historical streamflow data.
Persistence Forecast
Many hydrologic time series are serially correlated. Streamflow during the dry season in Korea shows a high autocorrelation coefficient due to the groundwater storage effect. A probabilistic forecast using this persistence characteristic of streamflow may offer reasonable accuracy over a certain period. It should be noted that the persistence between adjacent forecasting times cannot be explicitly considered in the ESP forecast because the ESP system resets the initial condition of its model and then reruns the model for each forecasting time. Therefore, it is expected that the persistence forecast may compensate for this shortcoming of the ESP forecast when they are used in combination. Piechota et al. (1998) also considered the persistence forecast but computed the category probabilities based on a nonparametric approach. In this study, however, a parametric approach is used instead. Supposing two random variables follow a bivariate normal distribution, then the conditional mean (µ) and variance (σ 2 ) of Q t given Q t-1 =q i t-1 for a bivariate case (Ang and Tang, 1975) are, respectively,
From the above mean and variance, the low, medium, and high flow probabilities are calculated as follows: 
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Naive Forecast
If there is no technique available for deterministic forecasting, one can only use the average value of historical data as a forecast. This represents the deterministic naive forecast. For probabilistic forecasting, the naive forecast means assignment of a 33.3% probability to each flow category. A certain forecasting technique, therefore, is considered useful only when the technique is superior to the naive forecast. It is expected in this study that combining a forecasting technique with the naive forecast prevents the technique from performing worse than the naive forecast.
Optimal Linear Combination
As mentioned before, this study combines the ESP, persistence, and naive forecasts through an OLC approach. The OLC forecast (Pr OLC ) is obtained by assigning the weights a, b, and c to the three forecasts,
where Pr N = naive forecast, Pr E = ESP forecast, Pr P = persistence forecast and a, b, c = weights.
In OLC, it is very important to assign appropriate weights to each forecast objectively (Piechota et al., 1998) . In this study, the weights that produce the best value of an accuracy measure (i.e. skill score) were searched. Since a probabilistic forecast specifies a probability distribution of the predictand, deterministic forecast accuracy measures such as bias and RMSE are not proper for a probabilistic forecast. In this study, two measures, forecast score and Half-Brier score, are used as described below.
Probabilistic Forecast Accuracy Measures
Forecast Score
If a flow i occurs during a time t, one obtains a score of 100Pr i where i = low, medium, or high flow category, and Pr i is the probability assigned to the category in which the flow occurred. This is repeated for the entire verification period. The resulting average score is denoted by Pr avg . If Pr avg is higher than 33.3%, then it can be concluded that the forecasting technique has a skill because the probabilistic forecast performs better than the naive forecast.
Half-Brier Score
For a forecast that gives probability to events of r categories, the skill score of the overall forecast for r categories and N observations is measured with the Half-Brier score (Brier and Allen, 1951) ij is the forecast probability that the event will occur in category j, and δ ij takes on a value of 1 or 0, depending on whether or not the event occurred in category j, respectively. The Half-Brier score is the mean-squared error of the categorical forecast and has a value of zero when the forecast is perfect or a probability of 1 for the observed category. The worst possible forecast has a Half-Brier score of 2, which implies that the actual event always occurs in the category of the 0 probability.
Application
The probabilistic forecasting techniques described above were applied to forecasting monthly inflows at the Chungju dam in Han River, Korea. The Chungju dam is a multipurpose dam, mainly functioning for water supply and flood control. Rainfall and evaporation records exist for 36 years from 1966 to 2001 but the streamflow record exists only for 16 years from 1986 to 2001. To overcome this deficiency in the record length, a split sampling technique was employed. In other words, an inflow ensemble of 35 year scenarios excluding the forecasting year was generated and then the category probabilities of inflow occurrence were calculated and tested for the forecasting year. This procedure was repeated through the entire (verification) period for which the streamflow record exists, i.e. 16 years. This study used the TANK model as a rainfall-runoff model for the ESP forecast. The persistence and naive forecasts were made and tested in the same manner. Table 1 compares the resulting forecast scores of the ESP, persistence, naive, and OLC forecasting techniques. For the dry season (Dec., Jan., Feb., and Mar.), the persistence forecast outperformed the ESP forecast as expected. For the flood season (Jun., Jul., Aug., and Sep.), both the persistence and ESP forecasts did not perform much better than the naive forecast. On average the persistence forecast outperformed ESP, but OLC performed best. Since the persistence forecast did not perform well in the flood season, OLC was not superior to the other techniques in Jun., Jul., and Aug., either. This result suggested that the OLC technique should be used for the non-flood season to improve the current ESP forecast. Table 2 reports the Half-Brier scores of the four techniques but shows a different result from Table 1 . In Table 2 , OLC improved the accuracy of ESP for the dry season but performed worse than the persistence forecast. For the calibration period where the weights a, b, and c were estimated, OLC performed best, but the performance consistency were not maintained for the verification period. This inconsistency problem should be explored as a further research. Figure 1 summarizes the percentage improvement of OLC against ESP. On average, OLC achieved 14.33% and 11.83% in the forecast score and the Half-Brier Score, respectively.
Results
Conclusions
The OLC approach, proposed by Casey (1995) , was used to improve the current accuracy of the ESP forecast. The results showed that OLC improves the accuracy of ESP forecasting for the non-flood season. For this season, therefore, OLC should be used to improve ESP. As for the flood season, the meteorological error is dominant, and thus use of the meteorological forecast is critical for improvement of ESP. 
